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(57) ABSTRACT 

In order to form a more stable silicon pillar Which can be 
used for the formation of vertical transistors in DRAM cells, 
a multi-step masking process is used. In a preferred embodi 
ment, an oxide layer and a nitride layer are used as masks to 
de?ne trenches, pillars, and active areas in a substrate. 
Preferably, tWo substrate etch processes use the masks to 
form three levels of bulk silicon. 
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SILICON PILLARS FOR VERTICAL 
TRANSISTORS 

[0001] This application is a continuation of US. applica 
tion Ser. No. 10/922,583, titled “Silicon Pillars For Vertical 
Transistors”, ?led on Aug. 19, 2004, the entirety of Which is 
hereby incorporated herein by reference. 

BACKGROUND OF THE INVENTION 

[0002] 
[0003] The present invention relates generally to the ?eld 
of semiconductor fabrication and more speci?cally to the 
?eld of fabricating silicon pillars. 

[0004] 2. Background of the Invention 

[0005] Since the introduction of the digital computer, 
electronic storage devices have been a vital resource for the 
retention of data. Conventional semiconductor electronic 
storage devices, such as Dynamic Random Access Memory 
(DRAM), typically incorporate capacitor and transistor 
structures in Which the capacitors temporarily store data 
based on the charged state of the capacitor structure. In 
general, this type of semiconductor Random Access 
Memory (RAM) often requires densely packed capacitor 
structures that are easily accessible for electrical intercon 
nection. 

1. Field of the Invention 

[0006] DRAM circuit manufacturers increasingly face dif 
?culties With scaling. One Way of forming smaller transis 
tors is the formation of vertical transistors. Vertical transis 
tors have the advantage of taking up less substrate real 
estate. The vertical transistor can reduce threshold voltage 
variations due to electrical and geometric sensitivities to an 
acceptable level because the channel of the transistor can 
remain su?iciently long despite occupying less real estate on 
the substrate. The long channel of vertical transistors alloWs 
a thicker gate dielectric that can be properly scaled in 
proportion to the channel length. This can also provide 
reliability and protection against Wearout. 

[0007] While the vertical transistor has bene?ts that can 
reduce the siZe of DRAM cells, integration can be challeng 
ing. A silicon pillar forms part of the vertical transistor, but 
the pillars can often be complicated to form. Epitaxially 
groWn pillars can be sloW and costly to fabricate, and still 
have reliability issues. For this reason, a neW method of 
forming silicon pillars for vertical transistors is desirable. 

SUMMARY OF THE INVENTION 

[0008] In one aspect of the invention, a method of forming 
pillars in a substrate for integrate circuits is disclosed. The 
method comprises forming a loWer hard mask on a substrate 
and depositing an upper hard mask over the loWer hard 
mask. A ?rst resist mask is formed over the upper hard mask 
to form ?rst exposed portions of the upper hard mask and the 
loWer hard mask. The ?rst exposed portions of the upper 
hard mask and the loWer hard mask are removed. A second 
resist mask is formed over the upper hard mask to form 
second exposed portions of the upper hard mask after 
removing the ?rst resist mask. The second exposed portions 
of the upper hard mask are removed to form third exposed 
portions of the loWer hard mask. The substrate is etched 
selectively against the upper hard mask and the loWer hard 
mask after removing the second exposed portions of the 
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upper hard mask. The third exposed portions of the loWer 
hard mask are removed after etching the substrate. The 
substrate is etched using the upper hard mask to form a 
plurality of active areas and trenches after removing the 
third exposed portions of the loWer hard mask. 

[0009] In another aspect of the invention, a method of 
forming silicon pillars for vertical transistors for integrated 
circuits is disclosed. The method comprises forming a ?rst 
mask layer over a silicon substrate and forming a second 
mask layer over the ?rst mask layer. The ?rst mask layer is 
patterned to expose a ?rst portion of the silicon substrate. 
The second mask layer is patterned to form an unmasked 
portion of the ?rst mask layer after patterning the ?rst mask 
layer. The method further comprises etching the ?rst 
exposed portion of the silicon substrate to a ?rst depth and 
removing the unmasked portion of the ?rst mask layer to 
expose a second portion of the silicon substrate. Finally, the 
?rst exposed portion of the substrate is etched to a second 
depth and the second exposed portion is etched to a third 
depth. 
[0010] In another aspect of the invention, a masking 
structure for forming pillars in a substrate is disclosed. The 
structure comprises a substrate and a ?rst hard mask over the 
substrate. The ?rst hard mask comprises a plurality of 
parallel lines. The structure further comprises a second hard 
mask directly over the ?rst hard mask, Wherein the second 
hard mask is a plurality of islands on the lines of the ?rst 
hard mask. 

[0011] A method of forming a silicon pillar is disclosed in 
another aspect of the invention. The method comprises 
forming an oxide layer over a silicon substrate and depos 
iting a nitride layer over the oxide layer. A ?rst portion of the 
nitride layer and the oxide layer are removed to expose a 
plurality of trench regions in the silicon substrate and to 
form an oxide hard mask. A second portion of the nitride 
layer is removed to form a nitride hard mask and to form 
unmasked portions of the oxide hard mask after removing 
the ?rst portion of the oxide layer and the nitride layer. The 
trench regions are etched after removing the second portion 
of the nitride layer. The unmasked portions of the oxide hard 
mask are removed to expose a plurality of intermediate 
substrate regions. The method further comprises etching the 
intermediate substrate regions and the trench regions after 
removing the unmasked portions of the oxide hard mask. 

[0012] A method of forming a pillar in a substrate is 
disclosed in another aspect of the invention. The method 
comprises exposing a trench region of a substrate and 
etching the trench region to a ?rst depth. An intermediate 
region of the substrate is exposed after etching the trench 
region and the intermediate region is etched to a second 
depth and the trench region is etched to a third depth. The 
third depth is equal to a sum of the ?rst depth and the second 
depth. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0013] These and other aspects of the invention Will be 
better understood from the Detailed Description of the 
Preferred Embodiments and from the appended draWings, 
Which are meant to illustrate and not to limit the invention, 
and Wherein: 

[0014] FIG. 1A shoWs a plan vieW of a structure With tWo 
mask layers over a substrate according to an embodiment of 
the present invention. 
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[0015] FIG. 1B shows a schematic ?rst cross-sectional 
vieW of the structure of FIG. 1A, taken along lines 1B-1B. 

[0016] FIG. 1C shoWs a schematic second cross-sectional 
vieW of the structure of FIG. 1A, taken along lines 1C-1C. 

[0017] FIG. 1D is a How chart of an embodiment of the 
invention. 

[0018] FIGS. 2A-2C shoW three vieWs of the structure of 
FIGS. 1A-1C With a ?rst patterned photoresist layer over 
the tWo hard mask layers according to an embodiment of the 
present invention. 

[0019] FIGS. 3A-3C shoW three vieWs of the structure of 
FIGS. 2A-2C With tWo mask layers after etching through 
exposed portions of the tWo hard mask layers according to 
an embodiment of the present invention. 

[0020] FIGS. 4A-4C shoW three vieWs of the structure of 
FIGS. 3A-3C With a second photoresist layer over remain 
ing portions of tWo hard mask layers according to an 
embodiment of the present invention. 

[0021] FIGS. 5A-5C shoW three vieWs the structure of 
FIGS. 4A-4C after etching through exposed portions of the 
second hard mask layer, according to an embodiment of the 
present invention. 

[0022] FIGS. 6A-6C shoW three vieWs of the structure of 
FIGS. 5A-5C after a ?rst substrate etch step according to an 
embodiment of the present invention. 

[0023] FIGS. 7A-7C shoW three vieWs of the structure of 
FIGS. 6A-6C after the ?rst mask layer has been removed 
according to an embodiment of the present invention, form 
ing partial trenches in ?eld isolation regions. 

[0024] FIGS. 8A-8E shoW ?ve vieWs of the completed 
structure after a second substrate etch, resulting in trench 
regions, active area regions, and pillar regions. 

[0025] FIG. 9 is a partial isometric vieW of an array 
formed using silicon pillars such as those illustrated in 
FIGS. 8A-8E. 

[0026] FIG. 10 is a partial isometric vieW of the structure 
of FIG. 8A-8E after ?lling trench regions and forming a 
Word line connecting neighboring cells. 

DETAILED DESCRIPTION OF THE 
PREFERRED EMBODIMENT 

[0027] In order to more ef?ciently form a silicon pillar 
Which can be used for the formation of vertical transistors in 
DRAM cells, a multi-step masking process is used. In a 
preferred embodiment, an oxide layer and a nitride layer are 
used as masks to de?ne trenches, pillars, and intermediate 
areas in a silicon substrate. The skilled artisan Will readily 
appreciate, hoWever, that the principles and advantages of 
the processes described herein Will have application With a 
variety of materials. Preferably, selective etch chemistries 
are available for etching each of the tWo mask materials and 
the substrate relative to the other tWo materials. 

[0028] Referring noW to FIG. ID, a How chart of a 
preferred embodiment, a ?rst or loWer hard mask layer is 
formed 70 over bulk silicon. A second or upper hard mask 
layer is then formed 72 over the loWer hard mask layer. A 
resist layer is deposited and patterned 74 over the upper hard 
mask layer to form a ?rst resist mask. The exposed portions 
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of the loWer and upper hard mask layers are removed 76 and 
the resist layer is removed 78. The removal of the exposed 
portions of the loWer hard mask layer and the upper hard 
mask layer exposes corresponding portions of the substrate 
that Will form the trench regions. Preferably, the trench 
substrate regions, the loWer hard mask, and the upper hard 
mask are arranged in parallel lines. 

[0029] A second resist layer is deposited and patterned 80 
to form a second resist mask. In a preferred embodiment, the 
second resist mask is formed substantially perpendicular to 
the trench substrate regions and the portions of the remain 
ing loWer and upper hard masks. The exposed portions of the 
upper hard mask are removed 82, and the second resist mask 
can be removed. The trench substrate regions, Which Were 
exposed in the pattern of the ?rst resist mask, are then etched 
84. As Will be better understood from the detailed descrip 
tion beloW, this step can be considered a partial trench etch, 
due to a later extension etch. The exposed portions of the 
loWer hard mask are then removed 86 to expose portions of 
the substrate that Will form the intermediate area regions. 
The intermediate regions have a height that is taller than the 
trenches but shorter than the pillars. Preferably, the inter 
mediate regions are used as active areas, bit lines, or for 
other IC design requirements. 

[0030] The partially etched trench remains exposed. The 
substrate is then etched 88 a second time. The second etch 
process Will etch both the trench substrate regions, Which 
Were previously etched, and the intermediate area substrate 
regions. The trenches are etched to their ?nal depth, and the 
intermediate area substrate regions are etched to a depth 
approximately half of the ?nal trench depth. Pillars are 
thereby formed from the substrate material. The tWo hard 
masks Will remain over the pillars. The hard masks can be 
removed or can remain to serve as protective layer for the 
pillars during subsequent processing. 

[0031] In a preferred embodiment, the substrate is a semi 
conductor, more preferably bulk silicon. Preferably, the 
loWer hard mask is an oxide, more preferably silicon oxide. 
The upper hard mask is preferably a nitride, more preferably 
silicon nitride. When the upper hard mask is silicon nitride, 
the upper hard mask preferably serves as a cap for subse 
quent processing. 

Formation of TWo Masking Layers 

[0032] FIG. 1A is a top doWn vieW at a representative 
portion of the substrate and shoWs a surface With a uniform 
material. FIGS. 1B and 1C shoW cross-sections of the 
substrate 10 With a layer of loWer hard mask material 20 and 
a layer of upper hard mask material 30. In a preferred 
embodiment, the substrate 10 is bulk silicon. Preferably, the 
loWer hard mask layer 20 is an oxide layer deposited directly 
over the substrate 10. In a preferred embodiment, the oxide 
is a substantially undoped oxide deposited by chemical 
vapor deposition (CVD), spin-on deposition, or other depo 
sition methods. The oxide can also be thermally groWn over 
the surface of the substrate. In a preferred embodiment, the 
loWer hard mask material 20 has a thickness of betWeen 
about 30 nm and 100 nm, more preferably betWeen about 50 
nm and 80 nm. 

[0033] In a preferred embodiment, the upper hard mask 
material 30 is a nitride layer deposited directly over the 
loWer hard mask material 20; more preferably, the upper 
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hard mask material 30 is a silicon nitride layer. The upper 
hard mask layer 30 is preferably deposited by CVD or a 
similar deposition process. In addition to its use as a hard 
mask, the upper hard mask material 30 can be used to protect 
the silicon pillar being formed from subsequent processing 
steps. In a preferred embodiment, the upper hard mask layer 
30 has a thickness of betWeen about 50 nm and 150 nm, 
more preferably betWeen about 80 nm and 120 nm. 

[0034] After the deposition of the tWo hard mask layers, a 
?rst resist mask 40 is formed over the upper hard mask layer 
30. The ?rst resist mask 40 is seen in FIGS. 2A-2B. In the 
illustrated embodiment, a photoresist layer 40 is deposited 
over the upper hard mask 30, although the skilled artisan 
Will readily appreciate that the mask pattern can be trans 
ferred to intervening hard mask materials. The photoresist 
40 can then be selectively exposed and developed to form a 
?rst resist mask 40 using, e.g., standard photoresist devel 
oping techniques. The ?rst resist mask 40 can vary in shape 
and siZe. The siZe of the pillar is substantially affected by the 
Wavelength of the photoresist that is being used. Exemplary 
Wavelengths include 248 nm and 193 nm. Advanced micro 
masking photolithography techniques, such as phase-shift 
masks, resist shrinking or groWth, and use of spacers, can be 
used for sub-Wavelength lithography. 

[0035] In a preferred embodiment, this ?rst resist mask 40 
forms a series of parallel lines over the surface of the upper 
hard mask layer 30. After developing, the ?rst resist mask 40 
can be used as a mask for an etch process that removes the 
unmasked portions 42 of the upper hard mask 30. 

[0036] FIGS. 3A-3C shoW the substrate after the removal 
of the unmasked portions 42 (FIG. 2B) of the loWer hard 
mask 20 and the upper hard mask 30. The unmasked 
portions of the loWer hard mask 20 can either be removed at 
the same time as the upper hard mask 30 or in a separate etch 
step. Preferably, an anisotropic dry etch is used in order to 
ensure faithful pattern transfer from the photoresist 40 to the 
upper hard mask 30 and the loWer hard mask 20. In a 
preferred embodiment, a ?uorine based plasma is used in the 
dry etch process When the upper mask layer 30 is silicon 
nitride and the loWer hard mask layer 20 is silicon oxide. 
Skilled practitioners Will appreciate that there are several 
methods of etching the unmasked portions 42 (FIG. 2B) of 
the upper hard mask 30 and the loWer hard mask 20 
selectively to the substrate 10. The removal of the unex 
posed portions 42 of the upper hard mask 30 and the loWer 
hard mask 20 expose trench regions 43 of the substrate 10 
that Will eventually be etched to form roWs of isolation 
trenches betWeen transistor columns. 

[0037] After the ?rst photoresist layer 40 is removed, a 
second resist mask 45 is formed over the upper hard mask 
30. This is illustrated in FIGS. 4A-4C. In a preferred 
embodiment, the second resist mask 45 forms columns 
substantially perpendicular to the roWs of trench regions 43 
and the remaining loWer and upper hard mask layers 20 and 
30. This alloWs for the formation of pillars With substantially 
rectangular footprints over the substrate. Other shapes are 
also possible using differing shapes of the ?rst and second 
resist masks 40 (FIG. 2B) and 45. FIG. 4B shoWs the 
second resist mask 45 over the upper hard mask 30. FIG. 4C 
shoWs a different cross-section of the substrate, Where the 
resist mask 45 is seen over the trench regions 43 and the 
remaining loWer and upper hard masks 20 and 30. The 
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unmasked portions 47 of the upper hard mask 30 and the 
loWer hard mask 20 can eventually form intermediate areas 
in the substrate 10. 

[0038] FIGS. 5A-5C shoW the substrate after removing 
the unmasked portions 47 (FIG. 4B) of the upper hard mask 
30 selective to the loWer hard mask 20 and the substrate 10. 
FIG. 5B shoWs a ?rst cross-section of the substrate that 
illustrates the trench regions 43 of the substrate 10. Several 
stacks of the upper hard mask 30 and the loWer hard mask 
20 are visible; these stacks are over the substrate regions that 
Will eventually form the silicon pillars. FIG. 5C shoWs a 
perpendicular cross-section With the loWer hard mask 20 
extending in roWs over the substrate 30. The upper hard 
mask 30 can be seen over portions of the loWer hard mask 
20. The second resist mask 45 is preferably removed after 
etching the upper hard mask 30. 

[0039] The pillar, trench, and intermediate regions can be 
seen in FIG. 5A. The upper hard mask 30 and the loWer hard 
mask layer 20 are over the regions that Will form the pillars. 
In a preferred embodiment, the regions With the loWer hard 
mask 20 exposed form the intermediate regions. These 
regions, Which are preferably at an intermediate height, 
taller than the trenches but shorter than the pillars, can also 
be used as bit lines. Preferably, there are no hard mask layers 
over the trench regions 43. In a preferred embodiment, a 
chlorine based plasma is used in the dry etch process When 
the upper mask layer 30 is silicon nitride and the loWer hard 
mask layer 20 is silicon oxide and the substrate 10 is silicon. 
Skilled practitioners Will appreciate that there are several 
methods to etch preferred materials for the upper hard mask 
30 selectively against preferred materials for the loWer hard 
mask 20 and the substrate 10. 

First Substrate Etch 

[0040] FIGS. 6A-6C illustrate the product of a ?rst sub 
strate etch. In a preferred embodiment, the etch process 
etches the substrate material 10 but is selective against the 
upper hard mask 30 and the loWer hard mask 20. Preferably, 
the ?rst substrate etch process removes betWeen about 250 
nm and 450 nm, more preferably betWeen about 300 nm and 
400 nm. The loWer hard mask 20 acts as a hard mask for the 
?rst substrate etch, so only the trench regions 43 (FIG. 5A) 
Will be etched to form an intermediate trench 50. FIG. 6B 
shoWs the pillar regions 65 With the upper hard mask 30 and 
the loWer hard mask 20 stacks over the substrate 10. FIG. 
6C is identical to FIG. 5C because the loWer hard mask 20 
acts as a mask to the substrate etch, such that substrate 10 is 
not etched in regions under the lines of the loWer hard mask 
20. In a preferred embodiment, a chlorine based plasma is 
used in the dry etch process When the upper mask layer 30 
is silicon nitride and the loWer hard mask layer 20 is silicon 
oxide and the substrate 10 is silicon. Skilled practitioners 
Will appreciate that several methods can be used to etch the 
substrate. 

[0041] FIGS. 7A-7C illustrate the removal of the portions 
of the loWer hard mask 20 not covered by the upper hard 
mask 30. This Will expose the intermediate regions 52 of the 
substrate 10. While these regions 52 are preferably used as 
active areas, the skilled practitioner Will appreciate that the 
active areas could also be formed on the pillars 65. Addi 
tionally, the intermediate regions 52 could also be used for 
other purposes, such as a bit line. At this point, only the pillar 
regions 65 (FIG. 7B) are covered by the loWer hard mask 20 
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and the upper hard mask 30. At this stage of the process, the 
lower and upper hard masks 20 and 30 are noW unconnected 
islands. The cross-section of FIG. 7B appears identical to 
FIG. 6B because at that cross-section there is no exposed 
loWer hard mask 20 to be removed at this stage; the loWer 
hard mask 20 is all masked by the upper hard mask 30. FIG. 
7C illustrates a cross-section Which shoWs substrate 10 
regions 52 that Will become the intermediate regions, Which 
are noW exposed, and the regions 65 that Will become the 
pillars, Which are capped by the oxide 20 and nitride 30 
stack. 

Second Substrate Etch 

[0042] FIGS. 8A-8E illustrate the product of a second 
substrate etch and the completion of the formation of the 
silicon pillars. Preferably the second substrate etch process 
removes betWeen about 200 nm and 400 nm, more prefer 
ably betWeen about 250 nm and 350 nm of the substrate 10. 
After the second substrate etch is complete, the trench 
regions 55 Will be etched to a depth betWeen about 450 nm 
and 850 nm beloW the pillar regions 65, more preferably 
betWeen about 550 nm and 750 nm. The second substrate 
etch process is selective to the upper hard mask 30 and the 
loWer hard mask 20. Similarly to the ?rst substrate etch step, 
a chlorine-based plasma etch process can be used in the 
second substrate etch step. Skilled practitioners Will appre 
ciate that several methods can be used to etch the substrate 
selectively against the nitride mask. 

[0043] FIG. 8A shoWs a plan vieW illustrating the three 
regions. The trenches 55 have been etched to their ?nal 
depth, and the intermediate regions 60 have been etched. 
The trenches 55 have been exposed to both etch steps. The 
intermediate regions 60 have been exposed to one etch step. 
The upper hard mask 30 and the loWer hard mask 20 remain 
over the pillars 65. Thus, the pillars 65 have not been 
exposed to either etch step. 

[0044] The upper hard mask 30 and the loWer hard mask 
20 can be seen over the pillars 65 in FIG. SE, a cross 
sectional vieW. In FIG. 8C, the pillars 65 and the tWo hard 
masks 20 and 30 can be seen next to the intermediate regions 
60, Which are formed in roWs Within shalloW trenches 
betWeen pillars 65. The roWs are elevated relative to the 
deeper trenches 55, as best seen from FIG. 8D. In FIG. 8D, 
a trench 55 can be seen in cross-section. The pillars 65, 
intermediate regions 60, and tWo hard masks 20 and 30 can 
be seen in relief behind the trench 55. In FIG. 8E, the 
intermediate regions 60 can be seen beside the trenches 55. 
The pillars 65 and the hard masks 20 and 30 can be seen in 
relief behind the intermediate regions 60. 

Structure 

[0045] As seen in FIG. 8A, there Will be three (3) levels 
of silicon substrate after the second substrate etch. The 
deepest level Will be the trench region 55, as it Will have 
been exposed to tWo substrate etch steps. The intermediate 
regions 60 Will have been masked by the loWer hard mask 
20 during the ?rst substrate etch step. The silicon pillars 65 
Will have not been exposed to either etch step and Will still 
be capped by the oxide 20 and nitride 30 stack. 

[0046] In a preferred embodiment, the second substrate 
etch step etches the substrate to an approximately equal 
depth as the depth of the ?rst substrate etch. In FIG. 8B, the 
silicon pillars 65 are shoWn in cross-section next to the 
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trenches 55. The silicon pillars are still capped by the oxide 
20 and nitride 30 stack, and therefore have not been exposed 
to either substrate etch. In another cross-section shoWn in 
FIG. 8C, the silicon pillars 65 are next to the intermediate 
regions 60, Which have been exposed to one substrate etch 
step. FIG. 8D is a cross section from Within a trench region 
55. The other regions appear in surface shading behind the 
trench substrate region 55. A layer of substrate material 
Which forms the intermediate regions 60 and the silicon 
pillars 65 is seen over the trench region. The pillar region 65 
is capped by the oxide 20 and nitride 30 stack. In the 
illustrated embodiment, measured from the ?oor of the 
trench region 55, the pillar region 65 is approximately tWice 
as tall as the intermediate regions 60. This can also be seen 
from FIG. 8E Which shoWs a cross-section through the 
intermediate regions 60 and the trench regions 55. The 
silicon pillars 65, Which can be seen behind the intermediate 
regions 60, are approximately tWice as tall as the interme 
diate regions 60. 

[0047] In a preferred embodiment, the intermediate, or 
“active area” regions 60, are used to form the active area for 
a transistor. HoWever, the “active area” regions 60 may also 
be used for other purposes, such as forming a bit line, as seen 
in FIG. 9. A skilled artisan can appreciate that the structure 
formed by the process illustrated in FIGS. 1-8 can be used 
to form several types of structures through subsequent 
processing. 

[0048] In FIG. 9, an exemplary memory array using 
silicon pillars, such as those created by the process described 
above, is illustrated. Transistors formed using silicon pillars 
are described in US. Pat. No. 6,492,233 Which Was issued 
to Forbes, et al, on Dec. 10, 2002. The disclosure of the 
Forbes patent is incorporated by reference herein. FIG. 9 is 
a perspective vieW illustrating generally one embodiment of 
a portion of a memory according to the present invention. 
FIG. 9 illustrates portions of six memory cells 112a-f 
including portions of vertically oriented access FETs 130 
therein. Conductive segments of bit lines 202 represent 
particular ones of bit lines in the array. Conductive segments 
of Word line 206 represent any one of the Word lines in the 
array, Which provide integrally formed gate regions for 
access FETs 130 betWeen Which the particular Word line 206 
is interposed. Conductive segments of body line 208 repre 
sents any one of body lines in the array, Which provide 
interconnected electrical body contacts to body regions of 
access FETs 130 betWeen Which the particular body line 208 
is interposed. Thus, the Word lines, e.g. Word line 206, and 
the body lines, e.g. body line 208, are altematingly disposed 
(interdigitated) Within the array 110. The detailed descrip 
tion beloW of the memory cell 112 refers only to memory 
cells 112a-f, the bit lines 202, the Word line 206 and the body 
line 208 that are associated With memory cells 112a-f.‘ 
HoWever, the folloWing description similarly applies to all 
memory cells 112 and similar conductive lines in a larger 
array. 

[0049] In FIG. 9, vertically oriented access FETs 130 are 
formed in semiconductor pillars that extend outWardly from 
an underlying substrate 210. As described beloW, the sub 
strate 210 can be bulk semiconductor starting material, 
semiconductor-on-insulator (SOI) starting material, or SOI 
material that is formed from a bulk semiconductor starting 
material during processing. 
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[0050] In one example embodiment, using bulk silicon 
processing techniques, access FETs 130 includes ?rst 
source/drain regions 212 of the access FETs 130 formed on 
the bulk silicon substrate 210 and integrally formed n++ 
conductively doped bit lines 202. The bit lines 202 de?ne a 
particular roW of memory cells 112. A body region 214 of 
access FET 130 is formed on the n+ ?rst source/drain region 
212. Inversion channels may be capacitively generated at the 
sideWalls of the body region 214 of the semiconductor pillar 
under the control of Word line 206. The Word line 206 
includes the gate region of adjacent access FETs 130. A 
second source/drain region 216 of access FET 130 is formed 
on p-body region 214. Storage capacitors 132 are formed on 
the second/source drain regions 216. In a preferred embodi 
ment of the formation of these transistors, the substrate is 
groWn epitaxially before the processing steps of FIGS. 1-8. 
However, transistors can also be formed from silicon pillars 
formed from a bulk silicon substrate. Additionally, While 
doping steps are not speci?cally described, a skilled artisan 
Will understand the doping processes of these silicon mate 
rials. 

[0051] Word lines 206 and body lines 208 are alternatingly 
disposed (interdigitated) Within the array. For example, one 
of the Word lines 206 is interposed betWeen each semicon 
ductor pillar of memory cell pairs 112a-b and 112d-e. Body 
line 208 is interposed betWeen semiconductor pillars of 
memory cell pairs 112b-c and 112e-f Thus, as seen from 
FIG. 9, access FETs 130 are formed on bit lines 202 in 
semiconductor pillars extending outwardly from substrate 
210. Such semiconductor pillars include body regions 214, 
and ?rst and second source drain regions 212 and 216, 
respectively. In this embodiment, the bit lines 202 contact 
the bulk semiconductor substrate 210, and the body lines 
208 contact body regions 214 of adjacent access FETs 130. 

[0052] The memory of FIG. 9 is merely an exemplary 
embodiment of transistors formed using silicon pillars. The 
silicon pillars can be used to form several different types of 
vertical transistors. In a preferred embodiment seen in FIG. 
10, the trenches 55 are ?lled With an insulating material 70, 
preferably an oxide. The insulating material 70 is recessed to 
a height approximately equal to the height of the active areas 
60. The pillar 65 is preferably oxidiZed to form a gate 
dielectric for the vertical transistor. Word lines 75 are 
preferably formed perpendicularly to the insulating material 
70. The Word lines surround the pillars 65 and connect a roW 
of vertical transistors formed in the array 100. Although only 
one Word line 75 is shoWn in FIG. 10, preferably there Will 
be a plurality of parallel Word lines in the array 100. The 
skilled artisan Will appreciate that silicon pillars have a Wide 
variety of uses in semiconductor fabrication, especially With 
respect to transistor formation. 

[0053] Skilled artisans Will appreciate that the principles 
and advantages have application for etching materials at 
other stages of integrated circuit fabrication. Materials 
selected for the substrate 10, the loWer hard mask 20, and the 
upper hard mask 30 can be varied for other uses. Particu 
larly, the principles described herein Will improve the etch 
ing process When a structure needs to be etched to varying 
depths in different regions. The pillars 65 can be useful in 
other contexts such as memory cell capacitors, in trenches 
for hybrid shalloW trench isolation (STI) and LOCal Oxi 
dation of Silicon (LOCOS) isolation schemes, and for many 
other purposes. 
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Conclusion 

[0054] Although the foregoing invention has been 
described in terms of a preferred embodiment, other embodi 
ments Will become apparent to those of ordinary skill in the 
art, in vieW of the disclosure herein. Accordingly, the present 
invention is not intended to be limited by the recitation of 
preferred embodiments, but is instead intended to be de?ned 
solely by reference to the appended claims. 

I claim: 
1. A method of forming an integrated circuit, comprising: 

de?ning an array region on a semiconductor substrate; 

etching a ?rst set of parallel lines to a ?rst depth in the 
de?ned array region; 

etching a second set of parallel lines to a second depth and 
the ?rst set of parallel lines to a third depth in the 
de?ned array region, the second set of parallel lines 
crossing the ?rst set of parallel lines, Wherein portions 
of the substrate that are not etched by etching the ?rst 
and second sets of parallel lines form protruding semi 
conductor structures of an array of transistors. 

2. The method of claim 1, Wherein the third depth is equal 
to a sum of the ?rst depth and the second depth. 

3. The method of claim 1, Wherein the third depth is 
greater than the ?rst depth and the second depth. 

4. The method of claim 1, further comprising forming bit 
lines in the etched second set of parallel lines. 

5. The method of claim 4, further comprising forming a 
?rst source/drain region for each protruding semiconductor 
structure and a second source/drain region for each protrud 
ing semiconductor structure to form vertical transistors. 

6. The method of claim 5, further comprising forming 
alternating body lines and Wordlines in the ?rst set of 
parallel lines after etching to the third depth. 

7. The method of claim 6, Wherein the second source/ 
drain region is formed at the top of each protruding semi 
conductor structure, further comprising forming capacitors 
electrically connected to the second source/drain region. 

8. The method of claim 7, Wherein the vertical transistors 
are Field Effect Transistors (FETs). 

9. A method of forming a memory array, comprising: 

exposing a ?rst set of parallel lines on a substrate; 

etching the ?rst set of parallel lines to a ?rst depth; 

exposing a second set of parallel lines on the substrate 
after etching the ?rst set of parallel lines, Wherein the 
second set of parallel lines crosses the ?rst set of 
parallel lines; and 

etching the exposed second set of parallel lines to a 
second depth and simultaneously etching ?rst etched 
set of parallel lines to a third depth, Wherein the third 
depth is greater than the ?rst depth and the second 
depth, and Wherein a silicon structure protruding 
among the ?rst and second sets of parallel lines is 
formed in the substrate. 

10. The method of claim 9, Wherein the silicon structure 
is a silicon pillar protruding from the substrate. 

11. The method of claim 9, Wherein the second set of 
parallel lines is substantially perpendicular to the ?rst set of 
parallel lines. 
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12. The method of claim 9, further comprising forming 
active areas for transistors in the etched second set of 
parallel lines. 

13. The method of claim 12, further comprising ?lling the 
?rst set of parallel lines after etching to the third depth With 
an insulating material to the height of the active areas. 

14. The method of claim 13, further comprising forming 
a gate dielectric on the silicon structure to form a vertical 
transistor. 

15. The method of claim 14, further comprising forming 
Wordlines Within the second set of parallel lines, one of the 
Wordlines surrounding the silicon structure and electrically 
connecting a roW of vertical transistors in a memory array. 

16. A method of forming silicon pillars, comprising: 

exposing a ?rst series of parallel lines on a substrate to 
one substrate etch step; and 

exposing a second series of parallel lines on the substrate 
to tWo substrate etch steps, Wherein the second series of 
parallel lines crosses the ?rst series of parallel lines, 
and Wherein regions of the substrate not exposed to the 
substrate etch steps form an array of silicon pillars. 
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17. The method of claim 16, Wherein the etched ?rst series 
of parallel lines are etched to a ?rst depth and the etched 
second series of parallel lines are etched to a second depth. 

18. The method of claim 17, Wherein the second depth is 
greater than the ?rst depth. 

19. The method of claim 17, Wherein the ?rst depth is 
betWeen approximately 200 nm to approximately 400 nm, 
and Wherein the second depth is betWeen approximately 450 
nm to approximately 850 nm. 

20. The method of claim 17, Wherein the ?rst depth is 
betWeen approximately 250 nm to approximately 350 nm, 
and Wherein the second depth is betWeen approximately 550 
nm to approximately 750 nm. 

21. The method of claim 17, Wherein the second depth is 
approximately tWice as deep as the ?rst depth. 

22. The method of claim 16, Wherein the second series of 
parallel lines is substantially perpendicular to the ?rst series 
of parallel lines. 


